Ionic liquids (IL) become more promising in industrial applications, especially in desulfurization processes. It is of great importance to investigate their corrosivity to steel and the effect of steel corrosion on desulfurization performance. In this work, the corrosion behavior of two typical metals, namely mild steel 
Introduction
Ionic liquids (ILs), also known as room-temperature molten salts, have received extensive interest due to their unique properties and potential for diverse applications. Compared with traditional solvents, ILs can offer remarkable advantages in intrinsic ionic conductivity and having a wide electrochemical window, high thermal stability, non-ammability, and negligible vapor pressure. Since their physical and chemical properties can be adjusted by combination of different cations and anions, ILs are considered as a task-specic liquid and have potential in a number of elds such as separation, organic synthesis, catalysis, nanotechnology, electrochemistry, and so on.
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In recent years, ILs have attracted interest in extractive desulfurization (EDS) and oxidative desulfurization (ODS) processes, as more stringent environmental regulations have been implemented all over the world to restrict the sulfur content in fuels (<10 ppm). 4, 5 EDS employs ILs as solvent to extract sulfur compounds from fuels, 6 while in ODS, sulfur compounds are oxidized to their corresponding sulfoxides and sulfones and then extracted by ILs. [7] [8] [9] Compared to EDS, ODS is more efficient since sulfoxides or sulfones are more easily extracted by ILs. Owing to the advantages of low cost, easy preparation, and high desulfurization efficiency, 1-butyl-3-methylimidazolium hydrogen sulfate ([BMIM]HSO 4 ) IL is screened as an ideal candidate for industrial desulfurization application and has been investigated in previous studies. [10] [11] [12] [BMIM]HSO 4 has strong acidity due to its Brönsted acid site, which is a proton-donor and can be used as the catalyst to facilitate the oxidization of sulfur compounds in ODS.
13 H 2 O 2 is the most commonly used oxidant in ODS, because of its environmental friendliness and affordable cost.
14 When applying ILs in industrial processes, they are in contact with metals and alloys in pipes and units of reactor, separation and storage tank. The corrosivity of ILs to metallic material is essential, which may cause problems of leakage, abnormal plant shutdown, and environmental pollution. Therefore, industrial application of ILs requires a better understanding of their corrosivity to metals.
The corrosion characteristics and mechanism of metallic materials in ILs are quite different from those in conventional environments. 15 Uerdingen et al. reported the corrosion behavior of metals in various ILs and investigated the effect of water content on corrosion. 16 It proved that stainless steel exhibited the best corrosion resistance in all ILs and the presence of water can signicantly enhance the corrosivity of IL media. Molchan et al. studied the corrosion behavior of mild steel in ILs for CO 2 capture application. 17 The morphological changes were monitored by scanning electron microscopy (SEM), and the corrosion products including ferrites, sulfates, carbonates and oxides were detected by micro-Raman analysis. Diamanti et al. investigated the corrosion behavior of steel alloys in several imidazolium-based ILs. 18 The effect of the cation and anion of ILs and the water content were studied. Since the corrosion phenomena vary with the type of ILs and water content in IL solutions, 19, 20 the investigation of corrosion characteristics in certain IL systems is strongly needed.
Up 
23,24
In the present work, the corrosion behavior of steels including mild steel and stainless steel in [BMIM]HSO 4 and [BMIM]HSO 4 -based desulfurization systems were investigated in details. In desulfurization experiment, model oil is always used to investigate the desulfurization mechanism, 25 which is prepared by dissolving a certain amount of sulfur compounds in n-heptane or n-octane. [26] [27] [28] Meanwhile, water and H 2 O 2 are also the common components in desulfurization systems.
9,29 A certain amount of water within a range (<10 wt%) has a promoted effect on desulfurization efficiency using ILs, 30 while H 2 O 2 is employed as oxidant in ODS. Therefore, the effect of the addition of model oil, water, and H 2 O 2 in [BMIM]HSO 4 on the corrosion behavior of steels were studied and a possible mechanism was proposed in this work. Finally, the side effect of corrosion on [BMIM]HSO 4 -based desulfurization process was investigated.
Experimental

Materials
Two commonly used metals, i.e. Q235 steel and 316L stainless steel (SS316L) obtained from the Biosteel Research Institute were studied. Q235 is a kind of mild steel (MS) with a ferritepearlite structure and with a chemical composition (in wt%) of 0.18C, 0.60Mn, 0.22Si, 0.016P, 0.02S, and Fe balance. SS316L is a kind of austenitic stainless steel, containing (in wt%) 0.018C, 1.11Mn, 0.026P, 0.001S, 0.53Si, 17.4Cr, 11.1Ni, 2.16Mo, and Fe balance. Each specimen with dimensions of 10 mm Â 10 mm Â 3 mm was abraded consecutively with 400, 600, 800, 1000, and 1200 grit silicon carbide abrasive paper, then washed with deionized water and degreased in acetone. The surface of each specimen is 3.2 cm 2 .
[BMIM]HSO 4 (the chemical structure shown in Fig. 1 ) with purity higher than 99 wt% (water content 0.7 wt%) was purchased from Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences. Hydrogen peroxide (30 wt%) and n-heptane (98.5 wt%) were purchased from Aladdin Chemical Co., Ltd. Dibenzothiophene (DBT) (99 wt%) was purchased from Adamas Reagent Company Co., Ltd (Shanghai, China). The chemicals were used as received.
Methods
n-Heptane is taken as model oil (MO) component with DBT as the representative sulfur compound. Model oil was prepared by adding DBT to n-heptane, with the sulfur content of 500 ppm. To study the corrosion properties of steel in pure [BMIM]HSO 4 as well as in EDS and ODS processes, four IL solutions were used for immersion experiments as the following: (i) IL, (ii) IL + MO, (iii) IL + MO + H 2 O, and (iv) IL + MO + H 2 O 2 . The amount of IL for each solution was 60 g, while the amount of MO in the solutions (ii), (iii), and (iv) was 300 g. 6 g H 2 O and 6 g H 2 O 2 were added into the solutions (iii) and (iv), respectively.
In each immersion test, three specimens were xed on the polytetrauoroethylene holder in a conical ask, in order to suspend and immerse them in the IL media and expose their surfaces to the media as much as possible. The area of the holder being in contact with specimen is rather small that it can be neglected for the calculation of corrosion rate. In desulfurization process, the mixture is a biphasic system, because IL is not soluble in the model oil. Therefore, in immersion tests, a shaking bed is used to adequately mix up the IL phase and oil phase, making the specimen corroded just like in the real desulfurization process. The ask was sealed and xed in the shaking bed with a frequency of 90 rpm and temperature of 45 C. Aer 14 day immersion experiment, the specimens were taken from the solution for further Fourier transform infrared spectroscopy (FTIR) and Raman analyses. Then, according to the ASTM G31 norm, 31 the specimens were scrubbed with a bristle brush to remove corrosion products, rinsed in deionized water to remove the IL solution, washed with acetone to clean the model oil, dried in air, and weighed accurately for the weight loss measurement and SEM analyses.
31-35
Aer corrosion of mild steel and stainless steel for 14 days, the types and the contents of metal ions in all the four IL systems were measured by Inductively Coupled Plasma Mass Spectrometry (PerkinElmer) and spectrophotometer (SigmaAldrich). The acidity of different IL systems before and aer corrosion of mild steel and stainless steel for 14 days was evaluated from the determination of Hammett acidity function. The ILs from different systems and the indicator (4-nitroaniline, pK(I)aq ¼ 0.99) were dissolved in the dimethyl sulfoxide (DMSO) at a concentration of 5 Â 10 À5 mol L À1 . The solutions were shaken vigorously and le to stand for 6 h. Then, their spectra were recorded on a P-General UV-visible spectrophotometer. A set of 33 day immersion tests were conducted to investigate the corrosion kinetics of stainless steel in [BMIM]HSO 4 IL solutions. The specimens were periodically removed from IL solutions, cleaned according to ASTM G31 norm, and then weighed accurately.
31
FTIR spectra were recorded using a Perkin Elmer Spectrum 100 spectrometer in a reection mode with an Attenuated Total Reectance (ATR) attachment utilizing a diamond prism. ATR-FTIR spectroscopy is an acknowledged technique which has been widely used to analyze the nature of bonding for organic complexes adsorbed on the metal surface. 36, 37 The spectral resolution was 1 cm À1 and the wavenumber range of 650-4000 cm À1 was utilized to collect the IR spectra. The recorded spectra were compared with those of the substances selected from the Sadtler Handbook of Infrared Spectra. 38 The corrosion products were detected by micro-Raman (HORIBA Jobin Yvon LabRAM HR800 system). Laser light with the wavelength of 514.5 nm was used. A long working distance lens with the magnication of 50Â was applied to detect the scattered light and focus the laser spot on specimen surface. The surface morphology of the specimens before and aer immersion tests were examined by SEM (Hitachi S3400N).
In order to have an intuitive understanding of the corrosion behavior of steel in IL solutions, the weight loss measurements for mild steel and stainless steel in four [BMIM]HSO 4 -based systems were adopted. A modied experimental plan was performed based on ASTM G31-72. 31 To get high reliability and reproducibility, the processed specimens were immersed in IL solutions in triplicate, and the weight losses of three specimens were recorded.
The weight loss rates were calculated from the following equation:
where n represents the weight loss rate (g m À2 h À1 ), W 0 is the weight (g) of the steel specimens before immersion in IL solutions, and W 1 is the weight (g) of steel specimens aer immersion. S is the total area in m 2 of one steel specimen, and t refers to the immersion time (h).
With the weight loss rate, the average corrosion rate on the basis of equivalent thickness loss can be calculated as reported in the literature:
where B represents the corrosion depth rate (mm y À1 ), n is the weight loss rate, and r is the density for the steel specimen (7.85 g cm À3 for the mild steel and 7.98 g cm À3 for the stainless steel).
Aer 14 day immersion tests, the ILs of IL + MO and IL + MO + H 2 O 2 systems in which stainless steel specimens were corroded were collected and processed for EDS and ODS experiments, respectively. The specimens were taken away from the IL solution aer immersion period. The IL system was still a biphasic system. Aer settling the system for 2 h, the mixture will become two layers, namely, the IL phase and the oil phase. The IL phase along with H 2 O or H 2 O 2 was the lower layer. The model oil can be easily separated from the system by decantation. Then, the IL phase was distilled in a rotary evaporation at 80 C for 10 h to remove the residual water, hydrogen peroxide and model oil. In EDS and ODS experiments, the mass ratio of the IL to the model oil is 0.2.
Results and discussion
3.1 Weight loss measurement There is an interesting phenomenon that the color of ILs appears to be yellow brown aer corrosion of mild steel, while it is green in general aer corrosion of stainless steel. It suggests that the primary form of the corrosion product in IL solutions is the ferric ion (Fe 3+ ) for mild steel and the ferrous ion (Fe 2+ ) for stainless steel, respectively. This hypothesis is conrmed by the Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and spectrophotometer analyses. The type and the content of metal ions in different IL systems aer corrosion of mild steel and stainless steel are listed in Table 1 , which are consistent with the changes in color of different IL systems. The difference in the type of metal ions can be ascribed to the kinetics of ferrous oxidation that lower acidity is favorable for the conversion of Fe 2+ to Fe 3+ . 43 As the mild steel experienced much more severe corrosion in IL solutions than the stainless steel, the hydrogen ion consumption should be greater and thus the acidity should be weaker in these systems. The acidity of different IL systems before and aer corrosion of mild steel and stainless steel are evaluated from the determination of the Hammett acidity function (H 0 ), calculated with the formula: enhances the corrosivity of IL systems that the corrosion rate of stainless steel increases to about 0.14 mm y À1 and 0.44 mm y À1 , respectively, well above the 0.1 mm y À1 target line. 16 This was explained by the formation of sulfuric acid via hydrolysis of the methyl sulfate. In this work, the addition of 10% of water leads to a stronger acidity in IL + MO + H 2 O system than nonaqueous IL systems (see Table 2 
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The weight loss of SS316L specimens in different IL solutions are shown as a function of time in Fig. 4 . A continuous increase in weight loss at an approximately linear rate take places for SS316L in each IL systems. The weight loss rate constants and correlation coefficients are shown in Table S1 (see ESI †). The correlation coefficients (R 2 ) of regression analyses approach to 1, indicating that the corrosion kinetics is linear as the function of time for the weight loss of SS316L in four IL solutions.
To explain the experimental results, the corrosion mechanism of steel in various [BMIM]HSO 4 -based desulfurization systems is proposed. In acid media, metallic materials could be corroded via two distinct reactions, namely, hydrogen evolution corrosion and oxygen reduction corrosion.
As [BMIM]HSO 4 IL is a proton-conducting nonaqueous electrolyte in reaction,
48 the cathodic and anodic reactions are written in the same form for the nonaqueous and aqueous IL solutions. The hydrogen evolution corrosive process can be expressed as:
Anodic reaction (iron dissolution):
For stainless steel, in addition to the dissolution of Fe, the anodic dissolution of Cr and Ni can also occur via the following reactions:
49
Cr / Cr 3+ + 3e
The mechanism is in accordance with the ICP results ( Table  1) .
Cathodic reaction (reduction of hydrogen ion):
The presence of water can decrease the cation-anion interaction and increase the number of H-bond between anion and water, 50 which could lead to an increase of the number of H + in the systems. This hypothesis has been demonstrated by the acidity measurements that the IL + MO + H 2 O system has a higher acidity than the nonaqueous IL systems, as illustrated in Table 2 . As a result, the corrosion depth rate is enhanced and the steel suffers more severe attack in the aqueous IL systems (IL + MO + H 2 O and IL + MO + H 2 O 2 systems) than in the nonaqueous systems (IL and IL + MO systems). In the nonaqueous systems, the corrosion depth rate is inhibited with the addition of MO, due to the DBT in MO working as an inhibitor via adsorption on steel surface. The mechanism of DBT adsorption on the steel surface is similar to the imidazolium ring of [BMIM]HSO 4 that the interaction takes place through heteroatoms and aromatic rings onto the active site of steel surface. At the same time, the steel can be corroded through oxygen reduction corrosion as well.
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Cathodic reaction:
However, this cathodic reaction is limited by the concentration of O 2 in IL systems. 52 This cathodic reaction unlikely happens in IL and IL + MO systems. In the presence of H 2 O 2 , the cathodic reaction can also take place via the following equation:
Cathodic reaction: 
As a result, the steel suffers the most severe corrosion in the IL systems with the addition of H 2 O 2 .
ATR-FTIR analysis
The bonding information of pristine [BMIM]HSO 4 IL as well as the surface lms on the steel specimens aer immersion in different IL solutions were investigated by ATR-FTIR analysis, as illustrated in Fig. 5 . The spectra of the surface lms of the stainless steel immersed in corresponding IL solutions are almost the same as those of mild steel, suggesting that the adsorption of IL molecules on the stainless steel surface is similar to that on the mild steel, as illustrated in Fig. S1 (see ESI †).
No obvious band is observed from the spectrum of mild steel (see Fig. 5a ). The spectrum of pristine [BMIM]HSO 4 IL is shown in Fig. 5b 
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By comparing the spectra in Fig. 5 , it is found that the majority of the bands of pristine IL are observed in the spectra of the surface lm on steel specimens immersed in different IL solutions, which conrms the presence of [BMIM]HSO 4 IL in the surface lms. However, it is remarkable that there are some distinctive differences in spectra between the surface lm and the pristine IL: of the surface chemical bond, i.e., Fe-N bond in the interaction of the IL with the steel surface. 55, 56 (ii) In the spectrum of steel surface immersed in pure IL (Fig. 5c) 4 can easily interact with the steel surface by donating the electron from HSO 4 À to steel surface and accepting the electron from steel surface to the imidazolium ring. Meanwhile, the shi of peaks of C-N bond to lower number has been demonstrated in previous research, 54 when the imidazolium or analogue structure has an interaction with the metal surface. The spectrum of specimen immersed in IL + MO solution (Fig. 5e) is highly similar to that in Fig. 5c , implying a similar interaction of the IL molecules and the steel surface in IL + MO solution.
(iii) In the spectrum of specimen immersed in IL + MO + H 2 O solution (Fig. 5e) , the bands of characteristic stretching vibration of S-O and C-N shied to 1162 and 1044 cm À1 , which is different from Fig. 5c , revealing that the presence of water has an effect on the interaction between IL and steel. This phenomenon could be ascribed to the charge screening of water, 50 which leads to an increase of hydrogen ions and a competitive adsorption against imidazolium ring. The spectrum of specimen immersed in IL + MO + H 2 O 2 solution (Fig. 5f ) is almost the same as that in Fig. 5e .
There are no obvious changes in bands at 2800-3000 cm À1 in the spectra of steel surface, indicating that the aliphatic hydrocarbon chain in the IL molecule does not participate to the adsorption process. From ATR-FTIR analysis, the IL lm adsorbed on the metal surface is mainly by the interaction of imidazolium group of cation and HSO 4 À of anion with the metal surface. The interaction of imidazolium group with the metal surface can form a barrier between the steel and the corrosive environment and then inhibit the corrosion. The corrosion behavior of steel in different IL systems could be partly attributed to the interaction of the imidazolium group and the steel surface.
Raman analysis
To investigate the corrosion products of steel corroded by [BMIM]HSO 4 and [BMIM]HSO 4 -based desulfurization systems, Raman spectrometer was applied to identify the compounds on the steel surface aer immersion tests. Fig. 6 shows the Raman spectra of corrosion products formed on mild steel surfaces aer immersion tests. In these spectra, a strong and sharp peak at about 1018 cm À1 can be observed all over the mild steel surfaces, which is ascribed to the symmetric stretching vibrations of the sulfate ion in 
The peaks at about 218, 274, 334, and 618 cm À1 are attributed to the hematite (a-Fe 2 O 3 ). In Fig. 6c and d 
There are some weak bands at about 1091 and 1196 cm À1 , which are related to the vibration of the imidazolium ring that adsorbed on the steel surface, 60 agreeing well with ATR-FTIR analysis. The intensity of Raman band at the same position varies with the specimen, due to the difference in the percentage of elemental composition on specimen surface.
61
The Raman bands of some corrosion products (Fe 2 O 3 and FeOOH) are slightly different from those reported in the literature, 17, 59 possibly because the specic corrosion circumstance in this work.
The Raman spectra of stainless steel surface corroded by IL solutions are given in Fig. 7 . In these spectra, the bands appearing at about 615 and 1018 cm À1 are similar to the spectra for mild steel, which could be assigned to a-Fe 2 O 3 and iron sulfate, respectively. However, these bands are broader and less distinct, indicating that the structure of compounds formed on the stainless steel is amorphous rather than crystalline. 62 In addition, the bands located at about 840 cm À1 in the stainless steel samples are not present in the mild steel samples, which are corresponding to the Cr III oxide or Cr VI oxide. 63, 64 In the IL, IL + MO and IL + MO + H 2 O systems, the formation of Cr III oxide with a low solubility in IL solutions provides the primary ). This leads to a fast and accelerating transpassive corrosion, in the form of intergranular corrosion, 65, 66 which is conrmed by the morphology results (see Fig. 8 ). The bands at 615 and 840 cm À1 are weak, which could be attributed to the amorphous structure of the compounds formed on the surface and the low content of the corrosion products.
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Aer the cleaning procedures, the surface of the specimens were analyzed by Raman spectrometer. The bands observed over the cleaned surfaces are extremely weak and almost invisible, as illustrated in Fig. S2 (see ESI †) . It can be considered that most of the corrosion products are removed from the specimen surfaces aer the cleaning procedures.
SEM observation
The morphological changes of steel surfaces before and aer immersion in IL solutions are monitored by SEM. The micrographs of the steel specimens without corrosion are shown in Fig. S3 (see ESI †) . Fig. 8 shows the SEM of stainless steel surfaces aer immersion in IL solutions. As illustrated in Fig. 8a , the pits with size of 1-2 mm can be clearly seen on the rough surface of the stainless steel specimen immersed in pure IL. For the stainless steel immersed in IL + MO system (Fig. 8b) , the stainless steel surface is less damaged as the size of pits is not exceeding 1 mm and the original scratches can still be observed over the surface. In the IL solution with containing water (Fig. 8c) , the stainless steel specimen is strongly corroded. Both the width and depth of the pits are increased. When adding H 2 O 2 in the IL solution, the specimen suffers the most severe damage. The pits on the stainless surface are visible with a maximum width of nearly 10 mm and a deep depth (Fig. 8d) . The cross-section micrographs of stainless steel surfaces aer immersion in IL + MO + H 2 O and IL + MO + H 2 O 2 systems are shown in Fig. 9 . In addition to the pitting corrosion, there also appears the intergranular corrosion over the surface, which is attributed to the polarization of the stainless steel specimen in its transpassive domain in H 2 O 2 .
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Compared to stainless steel, mild steel exposed to the same IL solution suffers more severe corrosion by localized attack (see Fig. 10 ). The craters formed on mild steel surface are signicantly greater and deeper than those on stainless steel, and the distribution and the shape of these craters are irregular. From SEM observation, it can be seen that the severity of localized attack on stainless steel and mild steel is consistent in an increasing order of IL + MO < IL < IL + MO + H 2 O < IL + MO + H 2 O 2 , which is in good agreement with the corrosion degree determined by weight loss measurement. The localized attack (pitting and/or intergranular corrosion) revealed by SEM could be a serious safety risk to the [BMIM]HSO 4 -based desulfurization systems for the industrial application.
Effect of corrosion on desulfurization efficiency
To investigate whether the corrosion processes have effect on the desulfurization efficiency of IL, the oxidative-extraction of DBT experiments using [BMIM]HSO 4 IL before and aer immersion were carried out at 45 C under different O/S molar ratios for 2 h. extraction desulfurization of aromatic sulfur compounds such as DBT is mainly attributed to the p-p interactions between the imidazolium group and aromatic ring. 5, 67 In the oxidation process, DBT is oxidized to DBTO 2 , which has much higher polarity than DBT 8, 68 and can be more easily inserted into the IL network.
9 Thus, the oxidation of DBT can greatly enhance the desulfurization efficiency. In the oxidation process, acid is necessary for H 2 O 2 decomposition, and the decomposition rate increases as the pH decreases. 69 [BMIM]HSO 4 can provide the hydrogen ion in oxidation process, which is benet to the oxidization of DBT to DBTO 2 in the IL phase. However, as stated above, the corrosion of steel has consumed considerable quantity of H + , leading to a weaker acidity, which will reduce the catalytic activity of [BMIM]HSO 4 that the desulfurization efficiency is worse than pristine IL. Furthermore, the corrosion products transferred into the IL phase during the immersion tests, which also inuences the removal of sulfur compounds that the metallic ion such as Fe 3+ can form p complexes with the aromatic sulfur compounds.
4,7
In summary, the weakened acidity and the presence of corrosion products (iron ion) could be the two main reasons for the differences of desulfurization efficiency between ILs before and aer corrosion.
Conclusions
The corrosion behavior of steel (mild steel and stainless steel) in [BMIM]HSO 4 -based desulfurization systems was investigated by weight loss measurements, ATR-FTIR, Raman and SEM from different aspects. The corrosion degree determined by all these methods are in good agreement, which is in an order of IL + MO < IL < IL + MO + H 2 O < IL + MO + H 2 O 2 . The addition of model oil can inhibit the corrosivity of IL media to some extent, while the presence of water or H 2 O 2 enhances the corrosivity of IL solution.
From the combination of the changes in IL color and the ICP-MS and spectrophotometer and Raman analyses, iron sulfate proved to be the primary component of corrosion products, which are ferric ion (Fe 3+ ) for the mild steel and ferrous ion (Fe 2+ ) for the stainless steel, respectively. From ATR-FTIR analysis, the adsorption of IL on the steel surface is mainly via the interaction of the imidazolium group of cation and HSO 4 À of anion with the metal surface, and the interaction is different between the water-free solutions and the aqueous solutions. SEM examination reveals that the steel suffers localized corrosion (pitting and/or intergranular corrosion) in IL solutions. The side effect of corrosion on the IL desulfurization efficiency is clearly suggested from the desulfurization experiments using pristine IL and IL aer immersion tests. The differences in desulfurization efficiency are probably caused by the change of acidity and the existence of metallic ion in IL.
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